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Using density functional theory calculations, we establish that the half-metallicity of bulk
Ba2FeReO6 survives down to 1 nm thickness in BaTiO3/Ba2FeReO6/BaTiO3 heterostructures
grown along the (001) and (111) directions. The confinement of the two-dimensional (2D) elec-
tron gas in this quantum well structure arises from the suppressed hybridization between Re/Fe
d states and unoccupied Ti d states, and it is further strengthened by polar fields for the (111)
direction. This mechanism, distinct from the polar catastrophe, leads to an order of magnitude
stronger confinement of the 2D electron gas than that at the LaAlO3/SrTiO3 interface. We further
show low-energy bands of (111) heterostructure display nontrivial topological character. Our work
opens up the possibility of realizing ultra-thin spintronic devices.
PACS numbers: 71.20.Be,71.15.Mb,71.20.-b
A fundamental limit on device miniaturization is set
by the size at which the material properties change
qualitatively. This technologically important issue, has
been studied for ferroelectrics, both, theoretically [1]
and experimentally,[2] yielding a critical thickness of
≈12A˚.[2] For spintronic devices, it is similarly important
to explore how thin one can make half-metals (HMs), i.e.,
materials which conduct in one spin channel and insulate
in another. It is of great technological interest if such de-
vice can further be made operative at high temperature.
In this Letter, we use first-principles density functional
theory (DFT) to address this issue considering quantum
wells of a double perovskite (DP) [3, 4] embedded in a
wide band gap insulating oxide. In a heterostructure
quantum well geometry, the electrons of the DP may
be confined to 2D if potential energy mismatch can be
created between the transition metal (TM) ions in the
DP and in the insulating oxide, as in case of ultra-thin
metallic layers of SrTi0.8Nb0.2O3 embedded in insulat-
ing SrTiO3 [5] or the (001) interface of SrTiO3 with
SrRuO3.[6] This mechanism is different from polar catas-
trophe driven confinement of two dimensional electron
gas, as found in well studied case of [100] interface of
LaAlO3 (LAO) and SrTiO3 (STO),[7, 8] or recently stud-
ied interfaces and quantum well structures formed with
GdTiO3 (GTO) or SmTiO3 (SmTO) and STO.[9, 10]
In particular, we focus on quantum wells formed by
embedding the DP Ba2FeReO6 (BFRO), in the band in-
sulator BaTiO3 (BTO). The choice of BFRO is motivated
by the fact that the bulk material is reported to be a half-
metallic ferromagnet at room temperature, with Tc ≈
304K.[11] BTO is well-known to be a ferroelectric. How-
ever, we found that the ferroelectricity has little effect
on the half-metallic properties of the embedded BFRO
quantum well. Thus, we only present results here for
the cubic paraelectric phase of BTO. The comparison of
structure and electronic properties considering the po-
lar BTO surface in its ferroelectric phase is given in the
supplementary material (SM). This choice of materials
also ensures good lattice matching; the cubic lattice con-
stants of BFRO and BTO being 4.025 A˚and 4.009 A˚,
respectively. Finally, the synthesis of La0.7Ca0.3MnO3
in contact with [001] surface of BaTiO3 has been re-
ported in the literature,[12] giving us confidence in re-
alization of our proposed system. While oxide super-
lattices studied so far are grown along (001) direction,
there has been recent progress on growth along the (111)
direction,[13–15] propelled, in part, by theoretical predic-
tions of exotic topological phases.[16–18] In particular,
epitaxial growth of NdNiO3 film on (111) direction has
been achieved on a variety of substrate which includes
LSAT, NdGaO3 and LaAlO3.[19] We therefore consider
two growth directions, (111) and (001). BFRO has a
nominal oxidation state of 5+ for Re and 3+ for Fe in
BFRO, as shown by x-ray magnetic circular dichroism
(XMCD) experiments,[11] while Ti in BTO has a nomi-
nal oxidation state 4+. This features nonpolar interfaces
with a cubic symmetry for (001) heterostructure [cf. Fig
1(b,d)], and two polar interfaces, one of n-type and an-
other of p-type, with a hexagonal symmetry [cf. Fig.
1(a,c)] for (111) heterostructure.
The 2D confinement in the BTO/BFRO/BTO quan-
tum well structures studied here provides significant im-
provement over that in LAO/STO in terms of, (i) 2D con-
finement length being an order of magnitude smaller (ii)
complete spin-polarization of the 2D electron gas (2DEG)
(iii) polarity control of the 2DEG, suggestive of magneto-
electric coupling, and (iv) realization of ultra-thin half
metals with topological bands. We note here even the
most recent report of 2DEG at the surface of STO[20] is
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2FIG. 1: (Color online) Geometry of BTO/BFRO/BTO het-
erostructures with c-axis oriented along the growth directions,
(111) [panels (a), (c)] and (001) [panels (b), (d)]. Layer-wise
nominal charges for the two heterostructures are shown in
panels (a) and (b). The inplane honeycomb lattice with two
triangular sublattices on different layers in case of (111) het-
erostructure and the inplane square lattice in case of (001)
heterostructure are marked in panels (c) and (d), respectively.
found to be much less confined compared to that achieved
in present study.
We use DFT calculations, within the generalized
gradient approximation (GGA)[21] for the exchange-
correlation functional, to study the electronic structure
of bulk BFRO as well as the heterostructures. Our cal-
culations are carried out using two choices of basis sets:
(a) plane wave based pseudopotential method as im-
plemented in the Vienna An-initio Simulation Package
(VASP),[22] and (b) muffin tin orbital (MTO) based lin-
ear muffin tin orbital (LMTO)[23] and N-th order MTO
(NMTO) method.[24] The calculations include spin-orbit
coupling (SOC), which is important for Re 5d states.
Details can be found in the supplementary material
(SM).[25]
Bulk Ba2FeReO6 contains rocksalt arrangement of Fe
and Re which are connected via O along all three crys-
tallographic directions.[11] The quantum well structures
are simulated by considering a supercell of cubic BaTiO3
along desired crystallographic direction, (111) or (001),
and replacing Ti cations by Fe and Re cations in two ad-
jacent middle layers along c-direction of supercell. The
inplane lattice constants of the supercells are fixed to
that of the BaTiO3, which for (111) growth direction is√
2/3a0 and for (001) growth direction is
√
2a0, a0 being
the cubic lattice constant of BTO. We completely relax
the lattice parameter along the growth direction as well
as all the atomic positions. In the buckled honeycomb
lattice geometry for the (111) growth direction, this intro-
duces trigonal distortion in BO6 octahedra, signaled by
the deviation of 6 O-B-O from 90o. The optimized (111)
FIG. 2: (Color online) Density of states, projected onto Fe
d (solid line) and Re d states (shaded area), in bulk BFRO
[panel (a)], and in heterostructures along (111) [panel (b)] and
(001) [panel (c)]. The zero of the energy is set at EF . Panel
insets show the zoomed DOS close to EF . Panel (d) depicts
the energy levels of Fe t2g and Re t2g in absence of the Fe-Re
hybridization, and the renormalized Re t2g energy positions
after hybridization with Fe t2g states. See text for details.
heterostructure shows this deviation to be 0.5o and 2.5o
for ReO6 and FeO6 octahedra respectively. For the (001)
heterostructure, the FeO6 and ReO6 octahedra upon op-
timization are found to be slightly elongated and con-
tracted along the c-axis, respectively.
The GGA density of states (DOS), projected onto Fe
d and Re d states in bulk BFRO as well as (111) and
(001) heterostructures are shown in Fig. 2. The d states
of Fe and Re are spin split as well as split by crystal field
into nearly degenerate sets of t2g’s and eg’s. Considering
the bulk DOS, Fe d states are found to be completely
filled in the spin-down channel, separated by a gap of
≈ 1.2 eV from the empty Re t2g states. In the spin-up
channel, the Re t2g states strongly hybridized with Fe
t2g states cross the Fermi level (EF ). This makes the
system half-metallic with finite density of states at EF
in spin-up channel and zero in the spin-down channel,
in agreement with literature.[11, 26] Remarkably, we find
this continues to be the case even for (111) and (001)
heterostructures with minimum thicknesses possible for
BFRO in (111) and (001) directions. The inclusion of
SOC is found to preserve the half-metallic character for
both bulk BFRO and the heterostructures.[27] The large
onsite energy difference between Ti4+ states and that
of Fe/Re d states, makes the hybridization between the
bilayer and the matrix of BTO negligibly small; the elec-
tronic structure close to EF is thus dominated by Fe and
Re d states. The bandwidths of the states are however
significantly narrower than in bulk BFRO, especially in
case of (111) heterostructure. Interestingly, we find the
Re t2g-Fe t2g dominated states close to EF in heterostruc-
tures show signature of 1D features characterized by van
Hove singularities (see insets in Figs. 2(b) and 2(c)),
3TABLE I: The spin (orbital) magnetic moment in µB , calcu-
lated within GGA+SO approximation, at Fe and Re sites for
bulk Ba2FeReO6, and (111) and (001) bilayers of Ba2FeReO6.
Bulk (111) (001)
Ions Spin (Orbital) Spin (Orbital) Spin (Orbital)
Re 0.78 (-0.13) 0.79 (-0.13) 0.73 (-0.14)
Fe -3.73 (-0.09) -3.68 (-0.08) -3.71 (-0.09)
signaling dimensional reduction.
The electronic structure of BFRO appears similar to
the highly discussed DP Sr2FeMoO6 [28] or Cr-based
3d-5d DPs,[29] suggesting that the hybridization-driven
mechanism is operative for magnetism of BFRO, as in
these other cases. In order to probe this further, we
calculate the energy level positions of Fe t2g’s and Re
t2g’s in bulk BFRO employing NMTO downfolding. In
absence of hybridization between Fe t2g’s and Re t2g’s,
obtained considering a Fe t2g- Re t2g active basis set, the
energy levels of Re t2g states appear in between the spin
split Fe t2g states [cf Fig. 2(d)]. Considering the Re t2g
only active basis set, which takes into account hybridiza-
tion effect between Fe t2g and Re t2g states, it is found
that the hybridization between Fe t2g and Re t2g states,
pushes up (down) the renormalized Re t2g up (down)
spin states. This leads to a renormalized spin splitting
at Re site directed oppositely to that of Fe, enforcing
ferromagnetic alignment of Fe spins, induced solely by
hybridization effect. This hybridization driven mecha-
nism works whenever Re atoms have appreciable number
of Fe neighbors connected through sharing O, as in case
of (111) and (001) heterostructures.
The calculated spin and orbital magnetic moments at
Re and Fe sites are listed in Table I. For bulk BFRO,
these are in reasonable agreement with that predicted
from neutron powder diffraction.[11] We note here the
moment at Re ion is somewhat different between our cal-
culation and that reported by Wu.[26] This deviation re-
sults from use of different basis set, different exchange-
correlation functional and most importantly neglect of
spin-orbit coupling in the calculation of Wu.[26] The mo-
ments are found to be rather similar between the bulk
BFRO and the heterostructures, reconfirming that the
basic electronic structure of BFRO remains intact in the
heterostructure, except for the reduction in dimensional-
ity. To check the effect of correlation beyond GGA, we
carried out GGA+U+SOC calculations, with a choice
of UFe = 4 eV, URe = 2 eV and JH = 0.8 eV. The
qualitative picture is found to survive, specially the half-
metallic character, with larger moments on Fe and Re
due to slight reduction in bandwidths. The spin(orbital)
moments are found to be between -4.1 and -4.2 µB (-0.04
and -0.06 µB) at Fe site and -1.1 and -1.3 µB (-0.10 and
-0.12 µB) at Re site.
To appreciate the effect of SOC in the band structure
FIG. 3: (a) The GGA (left panels) and GGA+SO (right pan-
els) band structures of (111) (top panels) and (001) (bottom
panels) heterostructures plotted along the high symmetry di-
rections. For (111) heterostructure, the chosen high symme-
try directions are K = (0.3333, 0.3333, 0), to Γ = (0, 0, 0)
to M = (0.5, 0.0, 0)= to K to Γ. For (001) heterostructure,
the chosen high symmetry directions are Γ to M = (0.5, 0.5,
0.0) to X =(0.0, 0.5, 0.0) to Γ. Zero of the energy is set at
respective EF ’s. Blue rectangular area highlights the band
topology at high symmetry K point in (111) heterostructure.
in heterostructure geometry, which may have important
bearing on the topological nature of the bands of the
bilayer, we show in Fig. 3, the band structure of both
the heterostructures computed within GGA+SO, in com-
parison to that of GGA. In case of (111) heterostructure,
three isolated Re t2g bands cross EF having admixture
from Fe. The band structure of (001) heterostructure,
on the other hand, is far more complicated with both Fe
d and Ti d states crossing the manifold of Re t2g bands.
While the effect of SOC is found to be not very significant
for (001) case, in case of (111) heterostructure the effect
is found to be significant. We find the (111) GGA band
structure at the K-point shows near degeneracy of the
three bands. This follows the small trigonal distortion at
Re site, leading to only tiny trigonal splitting. Switch-
ing on the SOC coupling pushes the t1 and t3 bands
away from each other at K point, though the whole band
structure remains as metal with highly dispersive bands
crossing EF . Since the (111) bilayer band structure con-
sists of isolated bands near EF a Chern number of each
of these bands can be defined. The three isolated, spin-
polarized, and dominantly Re bands near the Fermi level
can be modeled using a tight-binding model for t2g or-
bitals on the 2D triangular lattice formed by Re atoms
on the (111) face. Computing the Berry curvature of the
resulting tight-binding bands (see SM), we find that, in
increasing order of energy at the Γ-point, the bands have
Chern numbers −2, 2, 0. Thus, the combination of SOC
and low dimensionality, drives topological half-metallic
bands with large Chern number. Though the t1 and t2
bands are found to have nontrivial Chern numbers, the
4solution turns out to be metallic rather than insulating.
This happens as the crystal field splitting is not large
enough, needed to push the t1 and t2 bands sufficiently
far from each other. The (111) bilayer thus can be a
quantum anomalous Hall insulator, if t1 and t2 bands
can be prevented from spanning a common energy win-
dow. This may be possible through strain engineering,
which will be a topic of future study.
The presence of van Hove singularities in the low
energy electronic structure of (111) and (001) bilayers
strongly suggests reduction of dimensionality of the half-
metallic conducting electrons compared to bulk BFRO.
From the plot of the charge density, as shown in Figs 4(a)
and 4(b) for (111) heterostructure, and Figs 4(c) and 4(d)
for (001) heterostructure, we find the conduction charges
to be entirely localized in the bilayer of BFRO, with lit-
tle contribution in BTO block. The conducting charge
confined in the BFRO bilayer are distributed within the
Re and Fe sites, connected via oxygens forming a highly
mobile and spin-polarized 2DEG. In order to have quan-
titative estimates of the confinement, the layer averaged
charge density is computed and plotted as a function
of position along the growth direction. The results are
shown in Fig 4(e). For nonpolar (001) interfaces, the con-
centration profile is symmetric, with a spread of about
14A˚. Changing the growth direction to (111) with cre-
ation of polar interfaces makes the concentration profile
asymmetric with a drastic reduction in spread to only
about 7A˚, which is of the order of unit cell thickness
of BFRO. We contrast this with the confinement of the
2DEG formed at the (001) LAO/STO interface, keep-
ing in mind that the origin of confinement is different in
the two cases. The infrared ellipsometry data [30] shows
the vertical concentration profile of the electrons at the
LAO/STO interface has a strong asymmetric shape with
a initial decay over 2 nm and a pronounced tail that ex-
tends to ∼ 11 nm, an order of magnitude larger than in
BTO/BFRO/BTO.
We compute effective masses corresponding to the
three t2g bands at Γ point showing parabolic or near
parabolic dispersion. The bands falling in this region
(shaded) are marked in Fig. 3. Effective mass ten-
sor m−1ij =
1
h¯
∂2E
∂ki∂kj
is computed using finite difference
method in unit of rest mass m0. The inplane and out-
of-plane effective masses for (111) and (001) heterostruc-
tures are tabulated in Table II, which further brings out
the highly confined 2D mobile character of the carriers.
To conclude, our DFT study establishes that
BTO/BFRO/BTO heterostructure geometry generates
spin polarized 2D electron gas at the interface con-
fined solely to the BFRO bilayer, which retains the half-
metallic character of bulk BFRO. The confinement is
driven by suppression of hybridization, a mechanism dis-
tinct from the polar catastrophe driven confinement of
the 2DEG realized at the (001) LAO/STO or GTO/STO
FIG. 4: Out-of-plane and inplane projection of the conducting
charge density in (111) [panels (a) and (b), respectively] and
(001) heterostructure geometries [panels (c) and (d), respec-
tively]. The isosurface values are chosen as 0.023e−/A˚3. The
charge densities are calculated from contributions within an
energy window [EF − 0.5eV,EF ]. Various atomic distances
have been marked. Panel (e): Planar averaged conducting
charge density versus distance along the growth direction for
(111) and (001) heterostructures. The distances are measured
from the centre of the unit cell, which is at the mid point of
the bilayer.
TABLE II: Inplane and out-of-plane effective masses of the
conducting bands for (111) and (001) heterostructures, calcu-
lated at Γ point.
Band# meff‖ m
eff
⊥ Band# m
eff
‖ m
eff
⊥
(111) 3. 1.2 m0 22 m0 (001) 3. 2.3 m0 73 m0
2. 0.8 m0 840 m0 2. 1.0 m0 73 m0
1. 3.6 m0 61 m0 1. 7.8 m0 5.6 m0
or SmTO/STO interfaces. For the (111) orientation, the
confinement of the 2DEG is greatly aided by polar fields
at the interface, leading to confinement width of the or-
der of unit cell thickness and an order magnitude smaller
than that reported for LAO/STO. This highly confined
2D electron gas which is half-metallic in nature, with a
moment ≈ 3.0 µB/unit cell, should be promising for ap-
plications in ultra-thin spintronic devices. Bulk BFRO
has a room temperature magnetic transition temperature
of 304 K and a significant magnetocrystalline anisotropy
≈ 1-2 meV.[31] The proposed half-metallic quantum well
structure is thus expected to be operative at a reasonably
5high temperature and stable against magnetic spiral in-
stabilities due to Rashba SOC. We further find that the
interface bands of (111) structure have topological char-
acter, with the potential to realize the quantum anoma-
lous Hall effect. With insulating nature of the BTO lay-
ers, this heterostructure also naturally permits top or
bottom gating to control the transport in the 2DEG,
making it suitable for hybrid spintronic and electronic
devices. Our computational study provides strong mo-
tivation for experimental investigations of half-metallic
2DEGs in oxide quantum wells.
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